and Zimmermann, 1994). They can also be cryopreserved for later use (Avarbock et al., 1996) . This transplantation technique of spermatogonial stem cells (SSCs) has led several important new findings about male germ cells and spermatogenesis (Ogawa, 2001; Brinster, 2002) . In addition, the technique has been essential in investigating the biology of SSCs and providing their ultimate function assay.
In vitro expansion of stem cells of any cell lineage is extremely useful for experimental as well as practical purposes. There are, however, very limited cell lineages, like that of the nervous system, that have such privileged stem cells which can propagate in culture (Galli et al., 2003) . Hematopoietic stem cells, although are one of the most characterized stem cells, can not be expanded in culture (Morrison et al., 1997) . As a vast self-renewal potential was shown in SSCs , their in vitro expansion has been anticipated. There have been several trials aiming at this using different methodologies. One approach was to introduce an immortalizing gene, such as the SV40 large T antigen or telomerase, into germ cells to make a cell line (van Pelt et al., 2002; Feng et al., 2002) . Another attempt was to provide favorable conditions for germ cell proliferation by applying combinations of growth factors and using an appropriate medium, supplements, and feeder cells . One very successful result with the latter method was reported recently by Kanatsu-Shinohara et al. (2003a) , who showed a stable expansion of male germ cells derived from neonatal DBA/2 and ICR mice. The cell, named germline stem cell (GS cell), proliferated rapidly in vitro and established spermatogenesis following transplantation to the host testes. The host mice fathered offspring by intra-cytoplasmic sperm injection as well as by natural mating. These results indicated that GS cells maintained the potential of the spermatogenic stem cell, giving promise of their usefulness in
Introduction
Stem cells of spermatogenesis are unique in both their role to transmit genetic information to the next generation and in their robust, if not limitless, self-renewing capacity . These cells have been shown to be harvested successfully from a testis and introduced into another testis where they resume spermatogenesis (Brinster research into spermatogenesis. There were, however, several restrictions in GS cell utility. One major concern was that they were apparently derived only from neonatal mice (Kanatsu-Shinohara et al., 2003a) .
In the present study, we have succeeded in deriving GS cells from fully matured mice. We also demonstrated that the GC cell line can be established again from SSCs in the host testes of GS cell transplantation. These results indicated those GS cells were derived from SSCs, but not from gonocytes, which are primitive germ cells present temporally in fetal and neonatal testes (De Rooij and Russell, 2000) . In addition, morphological examination of GS cells with confocal laser microscopy confirmed their resemblance to spermatogonia of the undifferentiated type.
Materials and Methods

Mice and cell culture
The testes of DBA/2 mice (Clea, Tokyo) were decapsulated and treated by 2-step enzymatic digestion (van der Wee and Hofmann, 1999) . Briefly, decapsulated testis tissue was treated with Digestion solution I containing collagenase type IV (2 mg/ml) and DNAse (10 g/ml) in PBS at 37 for 20 min. Then centrifuged and collected specimens were treated with Digestion solution II which contains collagenase type IV (2 mg/ml), DNAse (10 g/ml) and hyaluronidase (2 mg/ml) in Dulbecco's Modified Eagle Medium (Invitrogen Corp., Carlsbad, CA, USA) at 37 for 5 min. The dissociated testis cells were plated on 0.2% (w/v) gelatin-coated well of 6-well (9.4 cm 2 /well) or 12-well (3.83 cm 2 /well) tissue culture plates at 0.5 -1.3 10 5 cells/cm 2 and left over night. After brisk pipetting, floated cells were recovered and plated to another well. After 2 to 3 passages when fibroblast proliferation had diminished, the cells were plated to wells which had mouse embryonic fibroblast (MEF) feeder cells. MEF feeder cells were pretreated with mitomycin C (Hogan et al., 1994) and placed in the well coated with 0.2% (w/v) gelatin. The wells were used with in a week for plating GS cells.
The culture medium consisted of StemPro-34 SFM (Invitrogen Corp., Carlsbad, CA, USA) supplemented with StemPro supplement (Invitrogen Corp.), 25 g/ml insulin, 100 g/ml transferrin, 60 M putrescine, 30 nM sodium selenite, 6 mg/ml D-(+)-glucose, 30 g/ml pyruvic acid, 1 l/ml DL-lactic acid (Sigma-Aldrich, St. Louis, MO, USA), 5 mg/ml bovine serum albumin (BSA), 2 mM L-glutamine, 5 10 -5 M 2-mercaptoethanol, minimal essential medium (MEM) vitamin solution (Invitrogen Corp.), MEM nonessential amino acid solution (Invitrogen Corp.), 10 -4 M ascorbic acid, 10 g/ml d-biotin (Sigma-Aldrich,), 20 ng/ml mouse epidermal growth factor (Becton Dickinson, Bedford, MA, USA), 10 ng/ml human basic fibroblast growth factor (Becton Dickinson), 10 3 U/ml ESGRO (murine leukemia inhibitory factor; Invitrogen Corp.), 10 ng/ml recombinant rat glial cell line-derived neurotrophic factor (GDNF) (R&D Systems, Minneapolis, MN, USA) and 1% fetal bovine serum (Filtron, Brooklyn, Australia). The cells were maintained at 37 in an atmosphere of 5% carbon dioxide in air. The culture medium was changed every 2 to 4 days. Cell passage was arbitrary, depending on the proliferation state of GS cells in each well.
In order to make green fluorescent protein (GFP) positive GS cell lines, male transgenic mice (C57BL/6 genetic background) carrying the pCXN-eGFP transgene (Okabe et al., 1997) were mated with DBA/2 female to produce F1 neonates with GFP expression (B6D2F1/GFP). As the transgenic mice express GFP in every cell type including germ cells, the germ cell of B6D2F1/GFP also expressed GFP. From the testes of B6D2F1/GFP neonates, a GS cell culture was started as described above.
Confocal laser microscopic observation of GS cells
For confocal laser microscopic observation, GS cells were plated on a chamber slide (Nalge Nunc, IL, USA). They were fixed either with acetone or periodate-lysineparaformaldehyde (PLP) depending on different staining of a c-kit or of TRA98 (Koshimizu et al., 1995) and GFP, respectively. After fixation at 4 for 10 min, the cells were washed with PBS and blocked in 1% BSA in PBS at room temperature for 30 min. The samples were incubated with anti-GFP polyclonal Ab (1:500) (MBL, Nagoya) and anti-TRA98 mAb overnight at 4 . After washing with PBS, Alexa Fluor 488 goat anti-rabbit IgG (1 : 200) (Molecular Probes, Eugene, OR, USA) and Alexa Fluor 546 anti-rat IgG (1: 200) (Molecular Probes) were incubated for 2 h at room temperature. For nuclear staining, the cells were stained with TOTO3 (1 : 500) (Molecular Probes). Images of GFP, TRA98, c-kit, and the nucleus stained by TOTO3 were obtained by using a confocal laser scanning system (Carl Zeiss LSM 510 system; Carl Zeiss, Oberkochen, Germany).
Transplantation and analysis
Approximately 2 l of the cultured cell suspensions were injected through the rete testis into the seminiferous tubules of the WBB6F1W/W v (designated W) mice, which lack endogenous spermatogenesis (4 -8 weeks old, Japan SLC, Shizuoka) (Ogawa et al., 1997) . Donor cell concentration was between 0.45 -180 10 3 cells/ l. The injection filled 70 -85% of the tubules in each recipient testis. Recipient mice were anesthetized by intraperitoneal injection of a cocktail of Ketamin (170 mg/kg b.w.) and Xylazine (5.7 mg/kg b.w.). After surgery, 50 g anti-CD4 antibody (GK1.5) was administered intraperitoneally on Day 0 and 2 after transplantation to induce tolerance to the allogeneic donor cells (Kanatsu-Shinohara et al., 2003b) . All animal housing and surgical procedures were in accordance with the guidelines of the Institutional Animal Care and Use Committee of the Animal Research Center, Yokohama City University School of Medicine.
Conversion between SSCs and GS cell line
Two recipient W mice at 67 and 95 days after the GS cell transplantation were sacrificed and the testes were used to re-derive GS cells in the same way as described above. The re-derived GS cell lines were transplanted to W mice to test their spermatogenic activity in the same way as described above. 
Results
GS cell derivation and morphological characterization
When neonatal testis cells of DBA/2 mice were used, GS cells usually appeared in 3 to 7 days. They were passaged in 2 to 3 weeks after the first plating. From the 3rd or 4th passages, when remaining fibroblasts diminish in growth, GS cells were plated to wells with mouse embryonic fibroblast (MEF) feeder layers. In order to further eliminate somatic cells, instead of regular passage which uses trypsinization to collect all cells in a well, only the supernatant was occasionally transferred to new wells with MEF feeders, and thereby the floating GS cells were passaged.
After several passages (usually 4 to 5 passages from the beginning), GS cells started to expand steadily along with the disappearance of somatic cells. The doubling time of GS cells of DBA/2 origin was 24 -48 h.
GS cells in culture showed unique morphological appearances (Fig. 1A) . They formed colonies which were usually about a 10-to 50-cell size. Each GS cell was basically round but their profile edge was irregular. All GS cells were positive for TRA98, which is a monoclonal antibody specific to the spermatogonial nucleus, while feeder MEFs were all negative (Koshimizu et al., 1995) (Fig. 1B -E ). TOTO-3 nuclear stain demonstrated that GS cells had nuclear chromatin figures similar to those of spermatogonia. Observation of larger colonies revealed two types of nuclear morphology (Fig. 1D) . In the central area of each colony, GS cell nuclei showed mostly euchromatin, an indication of undifferentiated spermatogonia (Kluin and De Rooij, 1981) . At the peripheral area, on the other hand, some GS cells showed heterochromatin, which is characteristic to differentiating spermatogonia (Fig. 1D) . In large colonies (> 20 -30 cells/colony), there were also some c-kit positive GS cells, which is a cell surface marker of differentiating spermatogonia (Fig. 1F, G) . This observation suggests that spermatogenic differentiation takes place especially when GS cells produce a large colony.
We also found GS cells present as single cells away from such large colonies (Fig. 2 A -D) . Some GS cells looked like paired or aligned type undifferentiated spermatogonia connected by cytoplasmic bridges (Fig. 2 E -L) . However, GS cells appeared more frequently as large a cell mass with an irregular contour, which is probably due to a failure of cytokinesis (Fig. 2M) . When GFP positive GS cells were observed with confocal laser microscopy, many large GS cells in fact appeared to be multinucleated (Fig. 2 N 
-P).
A GS cell line so far has been maintained over one year with 50 passages without changing morphological characteristics.
Transplantation of GS cells to W mouse testes
In order to confirm that GS cells have spermatogenic potential, they were introduced into the seminiferous tubules of W/W v mutant mice (W mice) testes. Two months after transplantation, histological sections of all the host testes showed normal and complete spermatogenesis (Fig. 3A) . No tumor formation was observed. The size of the testes that received transplantation of GS cells was two to three times larger than control testes (Table 1) , probably because extensive colonization and proliferation of GS cells followed by complete spermatogenesis increased the size of the testes.
Five host mice were mated with females and four of them fathered pups ( Table 2 ). The period from transplantation to first offspring production was 98 to 136 days. The sex ratio of offspring was almost even (Table 2 ). * Number of passages before the transplantation. † Donor cell concentration included feeder cells which were estimated to be one third to half of the total cells.
Number of seminiferous tubules containing the spermatogenesis in a section. Percentage of seminiferous tubules containing spermatogenesis in a section among over 200 tubules counted.
The testis was used for re-derivation of GS cells. d.o.; days old, w.o.; weeks old. 
Conversion between SSCs and GS cell line
We also attempted to re-derive GS cells from the two host testes of the transplantation experiment. This experiment succeeded in both trials (Table 1) . These re-derived GS cells expanded again in vitro in the same manner as primary GS cells. Following in vitro expansion, these second generation GS cells were transplanted to other W mouse testes in which complete spermatogenesis was re-established ( Fig.3) .
Establishment of GS cell line from mature mice
GS cells were derived from more mature mice than neonates. There was no difficulty in deriving GS cells from 8 -14-day-old pup testes. We even succeeded in deriving GS cells from fully mature, up to 9-week-old, mice (Table 3) . GS cells usually appeared in a week with the same culture condition used for neonatal cells. However, the number of colonies derived was smaller. The growth rate of GS cells of adult testis origin was slower than that of neonates. Therefore, 2 to 3 months were often required for a stable expansion of GS cells to be obtained. It was also effective to use MEF feeder from early passages (2nd to 3rd passages after initial plating) because somatic cell growth was less active than that of neonates. After several passages on the MEF feeder, the GS cell line from both adult and neonatal mice showed same morphological and growth characteristics (Fig. 4) .
Discussion
In the present study, we have shown that GS cells can be derived from adult mouse testes. As the initial report by Kanatsu-Shinohara et al. (2003a) showed that GS cells were derived from neonatal mice, it might be conceivable to suppose that they originated from primordial germ cells (PGCs) or gonocytes. PGCs are the first germ cell, appearing at embryonic day 7 (E7). They migrate from the allantois to the genital ridge to settle in the gonads by E11.5. There, PGCs keep proliferating until around E16.5, and then enter G0/G1 arrest. Mitotically quiescent germ cells, called gonocytes or prospermatogonia, apparently reenter the cell cycle shortly after birth (McCarrey, 1993; McLaren, 2000) . At postpartum day 0.5 (P0.5), gonocytes (Fuchs et al., 2004) . Furthermore, morphological examination of GS cell colonies by confocal laser microscopy demonstrated that the nuclear chromatin pattern of GS cells was very similar to that of undifferentiated spermatogonia. Some GS cells, especially at the periphery of large colonies, exhibited nuclear heterochromatin which resembled that of differentiating type spermatogonia . There were also c-kit positive cells appearing in GS cell colonies. This finding suggests that the differentiation process of the initial stage of spermatogenesis was taking place in GS cell colonies. Taken together, these findings lead us to argue that GS cells can be derived from SSCs and maintain the same functional potential as the stem cell of spermatogenesis. Although the derivation of GS cells from adult DBA/2 mice was possible, it was in fact more difficult than from neonatal or pup mice. However, once established, the behavior and morphological characteristics of GS cells both from neonates and adults were indistinguishable. The relative difficulty in deriving GS cells from adult mice may be due to the paucity of SSCs in the adult testis, as 0.01% of germ cells in the testis are estimated to be stem cells (Nagano, 2003) . As SSCs in the adult testis are less actively proliferating than gonocytes (Nagano et al., 2001) , they may need a longer time to enter the proliferating state in the culture. Enriching SSCs using fluorescence activated cell sorter (FACS) (Shinohara et al., 2000a) or surgical cryptorchidism (Shinohara et al., 2000b) , and using higher concentrations of growth factors may make it more feasible to derive GS cells from the adult testis. The derivation of GS cells from adult mice enables us to preserve the fertility activity of a particular individual male mouse. If we find a male mouse which showed unique phenotypic characteristics, especially relating to reproductive traits, the GS cell line of the mouse could be established and frozen for preservation. A more comprehensive analysis of the phenotype may be performed later with the progeny produced from the GS cell. Therefore, establishing GS cell lines from a wider range of mouse strains and other species as well, as discussed below, will serve to advance reproductive and developmental biology and other related areas.
GS cells are surely valuable material for the study of spermatogenesis especially when molecular mechanisms of spermatogenesis are to be dissected. Many genes expressed during spermatogenesis have been identified but only a few of them were functionally analyzed (Escalier, 2001; Shima et al., 2004) . When the over-expression, suppressed expression, or deletion of such particular genes are made possible with GS cells, the function of those genes in spermatogenesis could be evaluated by transplanting these GS cells into host testes to see if any abnormalities occur in the spermatogenesis. This type of experiment so far has only been possible with transgenic and ES cell-based knockout studies, which consume both time and labor. In addition, when such gene insertions or modifications exert deleterious effects on embryonic or fetal development, analyses of spermatogenesis are not able to be performed. Gene modification with GS cells combined with transplantation assay, therefore, could be a new technology for the functional evaluation of particular gene(s) in spermatogenesis. In addition, GS cells could serve as a substitute for ES cells. Our results showed that recipient mice of GS cell transplantation became fertile in a relatively short period of 3 to 4 months. Offspring were produced by natural mating with females. They were invariably derived from GS cells because the recipients had defects in their germ cells. These facts would give advantages to GS over ES cells, especially considering the rather low rate of germline transmission of ES cells (Bradley et al., 1998) . Transgenesis using SSCs were reported to be successful with viral vectors (Nagano et al., 2001; Hamra et al., 2002) . These data are encouraging that transgenesis and gene targeting with GS cells could be applicable in the near future.
One of the most intriguing trials with GS cell would be in vitro spermatogenesis. Having abundant stem cells, it could be possible to produce haploid germ cells like spermatocytes, spermatids, and ultimately even spermatozoa. Lastly, the derivation of GS cells from other species, including humans, will be of great value for industrial as well as clinical applications in future. These two further technical advancements would make it realistic to make sperm indefinitely in vitro from a very limited source of testicular samples of a species.
